Quantization of neutron in Earth's gravity 
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Gravity is the weakest of all four known forces in the universe. Quantum states of an elementary 
particle due to such a weak field is certainly very shallow and would therefore be an experimental 
challenge to detect. Recently an experimental attempt was made by V. V. Nesvizhevsky et al., 
Nature 415, 297 (2002), to measure the quantum states of a neutron, which shows that ground 
state and few excited states are ~ 10~^^ eV. We show that the energy of the ground state of a 
neutron confined above Earth's surface should be ~ 10~^^eV. The experimentally observed energy 
levels are 10^^ times deeper than the actual energy levels it should be and thus certainly not due to 
gravitational effect of Earth. Therefore the correct interpretation for the painstaking experimental 
results of Ref. jl;] is due to the confinement potential of a one dimensional box of length L ~ 
50/im, generated from the experimental setup as commented before [ill ]. Our results thus creates a 
new challenge to the experimentalist to resolve the shallow energy levels of the neutron in Earth's 
gravitational field in future. 

PACS numbers: 03.65.Ge. 



The investigation of quantum phenomenon in grav- 
itational field is certainly interesting and challenging 
[II, S Hi 01 due its weakness of strength. To get an idea 
of the weakness of gravitational force over other forces a 
quantitative estimation may be helpful. The the gravita- 
tional attraction of two neutrons separated by a distance 
r is ~ 10"'^^ times weaker Q than the Coulomb repul- 
sion between the two electrons separated by the same 
distance. One therefore needs to be very careful while 
investigating the quantum effects of gravity. Neutron is 
a possible candidate on which quantum effects of gravity 
can be investigated because charge neutrality will elimi- 
nate electromagnetic force from our considerations. 

The nature of the gravitational force F of Earth (ex- 
cept the strength) experienced by a neutron is same (long 
range and proportional to the inverse of the distance 
between the two agents) as that of the Coulomb force 
experienced by an electron in a Hydrogen atom. It is 
therefore expected that the nature of energy states of a 
neutron in the Earth's gravitational force will be sim- 
ilar to that of a Hydrogen atom with an infinite hard 
sphere core @, We need to keep in mind that the 
neutron is above the Earth's surface, so we assume that 
the wave-function within the Earth is zero, i.e., ipir) = 
for r < where i?^ is the Earth's radius (it is as- 
sumed that Earth is completely spherical). Since the 
neutron of mass m can not penetrate within the Earth, 
it will put an upper bound to the absolute value of 
the energy £"„ of the discrete quantum states, which is 
\En\ < {h^/2m)R^^ « 5.08 x IQ-^^eV Note that 

the states are ~ 10~^^ times less deeper than that ob- 
tained in the recent experiment by V. V. Nesvizhevsky 
et al.. Nature 415, 297 (2002). 

Then the question arises that what is the reason of 
getting quantum states ~ 10~^^eV in the experiment? 
The correct interpretation for observing ~peV (lpeV= 
10~-'^^eV) states in the experiment is the following. The 



experimental set up consists of a bottom mirror and a 
top absorber with a gap of approximate 50^m in between 
them. This can be considered as a problem of a particle 
in a one dimensional box [8[ of length L = 50/im. In fact 



it has been commented before in Ref. see the cor- 

responding reply T?] also. For the present purpose we 
may neglect the dynamics of the neutron in the trans- 
verse direction. The energy levels for the neutron in the 
potential created by the box is £"„ — — (fi,^7r^rt^/2m)L~^. 
The first few states for L = 50/im are respectively given 
by El « 0.082peV, E2 ~ 0.3272pcV, « 0.7362peV, 
E4, « 1.309peV, Er, « 2.0451peV, Eq « 2.945peV, 
Ej « 4.01peV. Note that the experimentally obtained 
first four energy levels in Ref. [H are comparable with 
the above obtained theoretical levels E^, E^, Eq and Ej 
respectively. 

We then need to answer what is wrong with the pre- 
vious theoretical prediction of Ref. [9| , which shows that 
the discrete quantum levels due to Earth's gravitational 
force is ~ peV? In fact it agrees with the experimental 
results [H. The answer could be found partly in the po- 
tential U{z) = mgz considered for the neutron above the 
Earth's surface. The other drawback is that the spherical 
symmetry of the problem due to central force has been 
completely ignored and thus the dynamics of the neutron 
in the z direction has be decoupled by assuming that in 
the transverse directions the particle is free. It is of course 
true that the potential U{z) is approximately valid for 
z ^ i?0 . But for the neutron above the Earth the wave- 
function in principle would extend from earth's surface to 
infinity. Thus U{z) is useless in this situation and instead 
should be replaced by spherically symmetric Newton's 
potential V{r) — —GM^m/r [10], where G is the univer- 
sal gravitational constant, is the mass of the Earth 
and r is the distance of the neutron from the Earth's cen- 
ter. The potential within the Earth is as usual infinity 
because of the assumption that the probability of finding 
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the neutron within the Earth is zero. The ground state 
of the neutron on the Earth's surface in gravitational 
field is thus Eg,s « -ih^/2m)R^'^ w -5.08 x 10-37eV 
0], since it is the maximum deep state of the neu- 
tron. The analytical calculation for all the excited states 
of the neutron will be in line with Ref. However 
analytical solutions for excited states are not important 
for our present purpose because they all will be even less 
than the ground state energy. The point that the deep- 
est bound state (which is ground state) is ~ 10~'^^eV is 
the most important message here. However one needs to 
think about the validity of the basic assumption in re- 
ality that the neutron wave-function within the Earth is 
zero. Because, the penetration of the quantum particle 
probability within the Earth will change the bound on 
the quantum energy levels of the neutron. But this is an 
issue which can be best resolved by experimental observa- 
tion. We however have considered this assumption based 
on the experiment ^ The next immediate challenge to 
the experimentalist is to detect the quantum states due 
to Earth's gravity. 

Our theoretical observation does not rule out the ex- 
perimental detection of ^ 10~^^eV quantum states of a 
neutron but rather it gives a correct interpretation for the 
existence of peV states. The one dimensional box poten- 
tial generated from the lower mirror and top absorber 
of length ~ 50/Ltm dominates the gravitational potential 
on the Earth's surface. Gravitational force on the Earth 
is so weak that the quantum states of a neutron due to 



such force is ~ 10~^'^eV, based on the assumption that 
neutron wave-function inside the Earth is zero. The ex- 
perimental resolution power should be much higher than 
the present we have [l| in order to detect such quantum 
states. 
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